Abstract
Introduction

25
The reliability and design flexibility of timber-rich construction makes wood products an attractive 26 option for designers and builders. It is widely recognised that timber is: 27
• Environmentally friendly because wood is biodegradable, recyclable, and renewable ( De 28 Araujo et al., 2016; Fidan et al., 2016) . 29
• A sustainable building material that is widely available in nature as long as the harvested trees 30 are replaced by new plantings (Ramage et al., 2017) . 31
• Very low in production energy compared to other building materials such as concrete, steel, 32 and aluminum (Santi et al., 2016) . 33
• Structurally effective due to its high strength-to-weight capacity ratio (Chuquitaype & 34 Elghazouli, 2016; Ramage et al., 2017) . 35
• An effective, natural insulator because of its porous structure (Li et al., 2016) . 36
• Light and easy to work with (Yasar et al., 2017) . 37
• Naturally beautiful with a featured pattern that adds character and warmth. 38
With the increased effectiveness and sophistication of high-mass laminated timber products, demand 39 for timber solutions in different structural applications has rapidly increased in recent decades -40 especially in building construction (Yasar et al., 2017) . However, timber's availability for construction 41 is also an important issue. Using fast growing plantation species like Eucalypts on short rotation 42 harvest cycles could be a viable and necessary contemporary solution to this issue. Eucalypts are the 43 main plantation hardwood species in the world and most are planted and managed for fibre 44 production. While efficient for fibre production, the forestry practices used in a fibre-focused 45 management regime generally produces small logs of low-grade wood. It is challenging to find a 46 practical way to use fibre-managed Eucalypt in the timber and construction industry as the sawn 47
Surface checks with individual lengths exceeding 1/4 of the length of the boards and or surface checks 125 with a width larger than 3 mm were examined and reported. Boards that have surface checks with a 126 length and or a width equal to or smaller than the aforementioned values can still be graded as 127
Structural Grade No. 1 according to AS 2082 (Standards Australia 2007)-hence, they were not 128 considered as major surface checks in this study. 129
End splits
130
The length and width of end splits were measured on each board and the percentage of boards with 131 major end splits was reported. Major end splits in this study are those that had a length larger than or 132 equal to the width of the boards. 133
Wane
134
Wane is the under-bark surface of a log that appears on the edge of a sawn timber board. The amount 135 of wane on each board was assessed and the percentage of boards with significant amount of wane 136 was reported. Wane larger than 1/10 of the cross-sectional area, wane on the face of the boards 137 exceeding 1/2 of the board's width, and wane on the edge of the boards exceeding 1/3 of the board's 138 thickness were considered as significant-according to the criteria described for Structural Grade No 139
.1 in AS 2082 (Standard Australia 2007) . 140
Insect trace and fungal decay
141
Most standards include insect trace and fungal decay as important visual stress grading parameters 142 for timber. Loss in the mechanical properties due to fungal decay may be severe, especially by the 143 time that decay becomes visually apparent (Bower et al., 2003) . The boards in this study were carefully 144 inspected to detect any possible insect trace and decay. 145
Drying distortions
146
Distortion frequently occurs because of differential shrinkage along and across the timber during the 147 drying process. The types of drying distortions that occur include bow, crook (spring), twist, 148 diamonding, and cupping. Bow, crook, and twist appear along the length of the boards while 149 diamonding and cupping can be detected across the face of the boards. In this study, bow, crook, and 150 twist were measured for each board and the percentage of boards with impermissible bow, crook, 151 and twist under AS 2082 (Standards Australia 2007) is reported. The boards used in this study were 152 square-dressed, which is a conventional processing step at the mill level. This removes or significantly 153 reduces diamonding and cupping distortions. Hence, the amount of diamonding and cupping 154 distortions of the test boards was insignificant and therefore disregarded in this study. 155 
Slope of grain
Mechanical damages and unrecoverable collapse
165
Mechanical damage on boards usually occurs due to debarking and or sawing deviation. 166
Unrecoverable collapse appears during the drying process. The loss of cross section area of the boards 167 due to mechanical damages and unrecoverable collapse may influence the mechanical properties. The 168 percentage of boards with mechanical damages and unrecoverable collapse as well as the loss of 169 volume of the boards due to these parameters were assessed in this study. 170
Percentage of clear wood
171
The percentage of clear wood is an important factor that influences the mechanical properties of 172 timber products, even though this factor is not directly considered in the current visual stress grading 173 standards. Clear wood in this study refers to parts of each board, with at least 500 mm continuous 174 length, that can meet the grade requirements for structural grade 'one' boards under AS 2082 175 (Standards Australia 2006). This allows no knots larger than 1/7 of the width of the board. In addition, 176 surface checking longer than 1/4 of the length of the boards is not allowed. Therefore, the diameter 177 of knots and knotholes as well as the length of surface checks on the boards were considered for 178 calculating the percentage of clear wood. Furthermore, areas of the boards that represented any 179 insect trace, fungal decay, wane, mechanical damages, unrecoverable collapse, and end splits were 180 excluded from the measurement of clear wood. 181
Segregation of the Boards
182
After identifying the most important visual characteristics and SRFs of the resource, the boards were 183 divided into five quality groups based on their visual characteristics. Group one had the least extent 184 of apparent SRFs and group five had the most extent of apparent SRFs. The segregation was based on 185 the percentage of clear wood in each board, the number of continuous clear wood pieces, the type of 186 knots on the edge and face of the boards, and surface checks as shown in Table 1 group had an equal probability of selection. One test sample, with a length equal to 20 times the width 199 of the board, was cut from each selected boards and subjected to a static four-point bending test. 200
Careful attention was taken during the sampling process to avoid selecting more than one board from 201 the same log for each treatment. The experimental design of the four-point bending test is shown in 202 Less than three boards could meet the requirements of group one in boards with 90 mm, 120 mm, and 140 mm widths. Hence, no average value is reported for the mechanical properties of these treatments. The results obtained from these treatments however were included in the statistical analysis described in section 3.3.3 (where all the results were analysed as one dataset). The failure mode and the total number and type of knots in the test samples and the loading zone 217 particularly were counted with each test (see Figure 1) . It was assumed that, due to stress 218 concentration factor, total number of knots in the loading zone can potentially have a high impact on 219 
Basic Density and MC
226
Three samples were recovered from separate areas of each tested board to determine its basic density 227 and MC. These samples were free from defects and had a nominal cross-sectional area of 35 × 35 mm 2 . 228
In total, 165 samples were collected and assessed. The basic density was calculated using Equation 3. 229 Duncan's test was conducted to analyse the differences between the independent groups when the 242 ANOVA showed any significant impact for the test variables. The correlations between the studied 243 variables were analysed using linear regression analysis and the Pearson correlation coefficient. 244 
Results and Discussions
Recovery Rates of the Resource
246
When considering a timber resource for sawlog production, the recovery rate of the useable boards 247 from the logs plays an important role in determining the efficiency and potential profitability of using 248 such a resource. The higher the recovery rate of the useable boards, the higher the economic value of 249 the resource. The nominal recovery rate and the dressed-board recovery rate of the E. nitens resource 250 in this study were 25.8% and 22.32%, respectively. The nominal recovery rate was calculated based 251 on the volume of the dried boards before the final planning stage divided by the volume of the 252 harvested logs. The dressed-board recovery rate was calculated in the same way but based on the 253 volume of all the boards that could successfully pass the final planning process at the thickness of 35 254 mm, regardless of their lengths. 255 Knots were the most frequent SRF in the resource, followed respectively by knothole, end splits, 270 mechanical damage/unrecoverable collapse, surface checks, wane, and distortion along the length of 271 the boards (i.e., bow and crook). The resource was free from fungal decay and insects attack. silvicultural techniques can reduce knot frequency, these have to be applied early in the tree's growth 274 (Nolan et al., 2005) . Consequently, knots and knothole will continue to be common SRF of timber 275 recovered from unpruned stands currently in the ground. Another solution to knot frequency is finger 276 jointing as major knots and knotholes can be docked out and remaining sections joined to make more 277 structural reliable pieces. Though finger jointing is effective, this method may not be an efficient 278 solution for this resource as the volume of clear wood was low at only 26.3 % of the recovered boards 279 and 5.9% of the harvested logs. 280
Visual Characteristics and SRFs
The other important visual characteristic in the resource was mechanical damage that was also 281 associated with unrecoverable collapse. These are problems arising from processing of the boards 282 during harvesting, sawing, and drying steps. Mechanical damage was mainly from debarkers and 283 sawing machines, while unrecoverable collapse appeared during the drying process. A significant loss 284 in the volume of clear wood was noted in the resource due to mechanical damages and unrecoverable 285 collapse. The loss of volume of clear wood ranged from 8% in the 70 mm boards to 15.7% in the 140 286 mm boards (Table 3) . These negative characteristics could be reduced by utilising methods that are 287 more appropriate for sawn timber production during harvesting, sawing, and drying processes. 288
Inadequate sawing accuracy could intensify the development of unrecoverable collapse. The final 289 planning process may remove unrecoverable collapse from the boards' surfaces if accurate sawing 290 strategies are utilised (Washusen et al., 2009) . 291
Surface checks, end splits, and distortion in the boards were substantial. These also appeared during 292 the drying process, which suggests that the drying process for the resource needs to be reviewed and 293 effectively modified. The amount of surface checks can significantly decrease if the logs are sawn using 294 a quarter sawing pattern (Washusen et al., 2009 ). However, quarter sawing of the logs also decreases 295 the total recovery rate of the boards (Washusen et al., 2004; ). The resource was free from 296 twist distortion and the highest bow and crook rates appeared in the 70 mm boards. The 90 mm and 297 120 mm boards were also free from any significant distortions. 298
The resource proved to have a good range of slope of grain. The majority of the resource had a slope 299 of grain of 1:15 or better. Less than 2% of the boards had the highest slope of grain of > 1:6 (Figure 3) . 300 301 302
Figure 3. Variation of slope of grain in the boards. 303 
Physical and Mechanical Properties
MOE, MOR, Basic Density, and MC
305
The overall average MOE and MOR values of the boards are given in Table 4 . The average MC of the 306 boards was 11.10 ± 0.89%. The average basic density of the resource was 480.58 ± 49.46 kg/m 3 . The 307 basic density of the fibre-managed E. nitens in this study was comparable to that of a plantation E. 308 nitens resource studied by Blackburn et al. (2012) . 309
In total, 27.27% of the boards tested in this study showed an MOE value between 12.0 GPa to 15.9 310 GPa, 41.83% of the boards had MOE values between 10.0 GPa to 11.9 GPa, and 25.45% of the boards 311
showed MOE values between 8.0 GPa to 9.9 GPa. Only 5.45% of the boards exhibited an MOE less 312 
Impacts of Visual Characteristics, SRFs, and basic density on MOE and MOR
335
In the following sections, the boards tested under bending are referred to as the tested boards and 336
the boards from which the tested boards were extracted are referred to as the source boards. The 337 impacts of visual characteristics and SRFs of the source boards and the tested boards on MOE and 338 MOR values are given in Table 5 . For the statistical analysis, the results of the mechanical testing of 339 the tested boards were listed against the data obtained from the assessment of visual characteristics 340 of the tested boards and their respective source boards to determine statistical significance-as one 341 dataset regardless of the treatments shown in Table 2 NS NS Total number of knots in the tested boards NS * Number of knots in the loading zone of the tested boards ** ** Type of knots in the tested boards ** ** Basic density *** NS NS = not significant; * = significant at P < 0.05; ** = significant at P < 0.01; *** = highly significant at P < 0.001. The impact of slope of grain on the mechanical properties of the tested boards was highly significant 347 (p < 0.001). The average MOE decreased by 32.02% with the increase in the slope of grain from 1:15 348 ≥ to 1:6 ≥ X > 1:8 (Table 6 ). The same increase in the slope of grain caused 53% reduction in the average 349 MOR in the tested boards. Even though the samples tested in this study were not obtained from clear 350 wood, the strength reduction impact of slope of grain was close to that suggested by Bower et The MOE values were significantly affected by annual ring angle (p < 0.01) ( Table 5 ). The highest MOE 356 values were obtained when the angle between the loading direction and annual rings axis was 0˚ ± 15˚ 357 (i.e., backsawn boards). The lowest MOE was obtained when the loading direction was perpendicular 358 to the annual rings (90˚ ± 15˚ or quartersawn boards). The average MOE fell somewhere between that 359 of backsawn boards and quartersawn boards when the angle between the loading direction and 360 annual rings was 45˚± 15˚ (i.e., transitional-sawn boards). There was no significant difference between 361
the MOE values of transitional-sawn and quartersawn boards ( Table 7 ). The impact of annual ring 362 angle on MOR values was non-significant (p > 0.05). Four of the quartersawn boards tested in this 363 study had a high slope of grain of 1:6 ≥ X > 1:8-that was the worst slope of grain in the tested boards. 364
The average MOE and MOR values in these four boards were as low as 8.19 GPa and 23.12 MPa, 365 respectively. By contrast, only one of the backsawn boards and one of the transitional-sawn boards 366 had the same slope of grain of 1:6 ≥ X > 1:8. Hence, the slope of grain in the four boards intensified 367 the overall impact of annual ring angle on the mechanical properties of the tested boards. The ANOVA 368 results also support these argument as the interaction effect of slope of grain and annual ring angle 369 on the MOE and MOR values was highly significant (p < 0.001 for MOE and p < 0.01 for MOR) ( Table  370 5). This could be one of the reasons for such a difference in the mechanical properties of quartersawn 371 boards versus backsawn and transitional-sawn boards. 372 There was no statistically significant difference (p > 0.05) between the mechanical properties of boards 375 from the four different widths (Table 5) . 376
The statistical analysis revealed that the percentage of clear wood in the source boards had no 377 significant impact on the mechanical properties of the tested boards (p > 0.05), whereas the 378 mechanical properties was highly affected by the percentage of clear wood in the tested boards (p < 379 0.001 for both MOE and MOR) as presented in However, the impact of total number of knots in the tested boards on the MOR values was significant 387 at 95% level of confidence (Table 5 ). The average MOR decreased significantly as the total number of 388 knots in the tested boards increased. The total number of knots in either the source boards or the 389 tested boards did not significantly affect the MOE values (p > 0.05). 390
Both MOE and MOR values were meaningfully affected by the number of knots in the loading zone of 391 the tested boards (p < 0.01) as presented in Table 5 . With an increase in the number of knots in the 392 loading zone of the tested boards from zero to four, the average MOE decreased by 23.40% (Table 9) . 393
The same increase in the number of knots in the loading zone of the tested boards reduced the 394 average MOR values substantially by 40.72%. This result indicates that the visual characteristics of the source boards could not necessarily be 472
representative of the mechanical properties and basic density of the tested boards. Hence, a 473 successful grading system needs to be established based on the final dimensions of the boards, which 474 is determined according to their target applications-this is not currently considered in the grading 475 procedures of hardwoods at the mill level. • Grade group B: MOE between 10 GPa to 11.9 GPa and corresponding MOR values. 489
• Grade group C: MOE less than 10 GPa and corresponding MOR values. 490
The correlations between the suggested grade groups and MOE, MOR, basic density, and visual 491 characteristics and SRFs (except type of knots) of the tested boards were highly significant at 99% level 492 of confidence (Table 11 ). The density varied significantly between the three grade groups (p < 0.001) 493 ( While this was not an objective of this paper, if the criteria given in Table 13 is going to be used for 505 grading of fibre-grown E. nitens, the probability of existence of over-graded boards in grade group A 506 might be 25%. Using the criteria identified for grade group B, 12.50% of the boards might be 507 downgraded and 6.25% of the boards might be over-graded. None of the boards might be over-graded 508 with the criteria identified for grade group C. A bigger sample size in future research may improve the 509 accuracy of such a method. It must be noted that there could be levels of uncertainty and 510 inconsistency associated both with this method and with visual grading of timber in the first place-511 as suggested in previous studies as well (Kline et al., 2000; Roblot et al., 2008) . As an instance, the 512 results in the present study showed that the strength/stiffness of the boards are higher when the 513 slope of grain is 1:10 or lower. However, some of the boards that were categorised in the grade group 514 C, which was the worst grade group, had a slope of grain equal to 1:10 or even better. Another 515 example is the annual ring angle. Based on the results, the strength/stiffness of the boards is the 516 highest when the annual ring angle is 0˚ ± 15˚ (backsawn boards). However, the stiffness in some of 517 the boards with the annual ring angle of 0˚ ± 15˚ was as low as 8.5 GPa (which includes in grade group 518 C). The same issues are associated with the current standard methods on visual grading of timber. 519
Laboratory testing on visually graded boards in previous studies revealed that a small percentage of 520 the boards exhibited a strength class below their respective grade level, while a high percentage of 521 the boards were meaningfully stronger than their suggested grade level in the relevant standard 522 (Kretschmann and Hernandez 2006) . While this gives a reasonable safety factor from an engineering 523 point of view, there is a good chance that using the current visual stress grading methods significant 524 amounts of quality boards are downgraded. On the other hand, over-graded boards, even a small 525 percentage, can be dangerous as they might be used under load levels that they are unable to carry. 526 Therefore, the effectiveness of the current standard methods for visual stress grading of timber needs 527 to be addressed considering these issues in the future studies. 528
Conclusions
529
The following conclusions were drawn from the results obtained in the present study and the 530 statistical analyses: 531
• The recovery rate of boards from the 16-year-old fibre-managed plantation E. nitens in this 532 study was lower than that of a 22-year-old thinned and pruned plantation E. nitens reported 533 in the literature. 534
• Knots and knotholes were the most important SRFs of the boards recovered from fibre-535 managed plantation E. nitens. 536
• Substantial mechanical damages, unrecoverable collapse, surface checks, end splits, and 537 drying distortions were associated with the boards recovered from the resource. This may 538 suggest that current harvesting, sawing, and drying regimes are unsuitable for this process. 539
• The visual characteristics and quality of long boards could not necessarily be representative 540 of the mechanical properties when the boards are cut to a subsequent length. Hence, a two-541 step visual stress grading process may be more reliable-the first step at the mill and the 542 second step when the boards are cut to the final dimensions required in their target 543 applications. 544
• MOE and MOR of the fibre-managed E. nitens boards were significantly affected by annual 545 ring angle, slope of grain, number of knots in the loading zone, and type of knots. The MOE of 546 the boards was significantly affected by basic density. The impact of total number of knots on 547 MOR values as well as the interaction impact of annual ring angle and slope of grain on both 548 MOE and MOR values were also statistically significant. 549
• MOR values could not be predicted satisfactorily by either basic density or MOE of the boards. 550 MOE values might be predicted using a multiple linear regression equation that was 551 developed in this study based on the correlations between the visual characteristics and SRFs 552 with mechanical properties of the boards. It might be possible to develop the same procedure 553 for other species based on relevant laboratory testing in future studies. 554
• Three structural grade groups with their respective criteria were proposed for fibre-managed 555 plantation E. nitens boards in this study. Strong correlations were found between the three 556 grade groups and the visual characteristics, SRFs, basic density, and mechanical properties of 557 the boards. 558 
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